I. INTRODUCTION
In recent years, fabrication of nanoscale magnetic heterostructures, including manganese oxide heterostructures [1] [2] [3] [4] and magnetic metal thin films, 5, 6 has attracted a great deal of interests due to its variety of magnetic applications since discovery of giant magnetoresistance (GMR) in metallic multilayers 7 and colossal magnetoresistance (CMR) in doped manganites. 1, 8 Owing to the dependence of properties on direction, it is often optimal to grow functional oxides in particular directions to maximize their properties for a specific application. With recent advances in deposition techniques, including pulsed-laser deposition (PLD) and reactive molecular-beam epitaxy (MBE), high-quality magnetic heterostructures have been fabricated, which have enabled the fabrication of artificial multifunctional materials. [9] [10] [11] [12] At the same time, they have exposed a wealth of phenomena at the boundaries where compounds with different structural instabilities and electronic properties meet, giving unprecedented access to new physics emerging at interfaces. 4, 13, 14 Layered cobalt oxide Ca 3 Co 4 O 9 (CCO) has attracted great attentions as one of candidates for thermoelectric applications due to its excellent thermoelectric performance. 15 Its crystal structure consists of alternating layers of the triple rocksalttype Ca 2 CoO 3 subsystem and the single CdI 2 -type CoO 2 subsystem stacked along the c-axis. 15 Thin-film thermoelectric materials offer tremendous scope for thermoelectric performance enhancement involving the use of quantum-confinement effects and phonon-blocking/electron-transmitting superlattices, or basing on thermionic effects in heterostructure. 16 In particular, thin films and heterostructures would provide the possibility of externally modifying the properties by epitaxial strain or artificial boundaries, and thus potentially generating novel properties at the interfaces, opens a new perspective for a variety of very important experimental investigations. 9 In this work, we have grown the c-axis-oriented Ca 3 Co 4 O 9 thin films and Ca 3 Co 4 O 9 /SrTi 0.993 Nb 0.007 O 3 p-n heterojunctions by PLD. The in-plane resistivity, thermopower, and magnetic properties of the CCO thin films were investigated, and the electrical transport properties of the CCO/Nb-doped SrTiO 3 (SNTO) junctions were also measured.
II. EXPERIMENTS
Epitaxial CCO films (200 nm thick) were grown on SrTiO 3 (STO) and 0.7 wt. % SNTO (001) substrates by PLD. 17 The films were deposited at 680 C using an excimer XeCl laser (308 nm, 3 Hz) at oxygen pressure of 40 mTorr and then postannealed at 820 C for 60 min under the flowing oxygen. The crystalline quality of the CCO/SNTO heterostructure was analyzed using x-ray diffraction (XRD) spectrometer with Cu Ka radiation. Resistivity measurements were performed using a Physical Properties Measurement System (PPMS, Quantum Design Inc.). The standard fourpoint probe method (shown in the inset of Fig. 2(a) ) was used to measure in-plane resistivity (q ab ) of the CCO film grown on STO substrate. To make the ohmic contact, four platinum electrodes (0.5 mm diameter) were deposited onto the films via thermal evaporation. The measurements of the temperature dependences of the Hall effect, magnetic susceptibility, current-voltage characteristics, and thermopower were also performed using PPMS system in the range of 5-380 K. 
III. RESULTS AND DISCUSSIONS
The XRD h-2h scan curve of CCO/SNTO heterostructure is shown in Fig. 1 . Besides the peak from SNTO (00 l) substrate, only peaks from diffractions of (00 l) CCO planes are observed, and no diffraction peaks from secondary phases or randomly oriented grains are observed, indicating that the thin films are grown along the c-axis with a good single phase. The x scan of the CCO (004) peak, shown in inset of Fig. 1, shows 15 Depending on the lattice and symmetry mismatch, the first layer should be the rocksalt Ca 2 CoO 3 subsystem on the cubic on SrTiO 3 (001) substrate, and it is compatible with the reduced lattice mismatch ($14.2%) between 2a of the substrate (7.810 Å ) and ffiffi ffi 2 p a of the Ca 2 CoO 3 subsystem (6.840 Å ). The epitaxial growth of the CCO thin films on STO is confirmed by the high-resolution scanning transmission electron microscopy (STEM) images. The inset of Fig. 2(b) shows the STEM imaging near the interface region. It can be seen that the interface is very sharp and coherent, and there is no evidence of secondary phases or any chemical reaction in the interface region over large distances. Sharp interface and no buffer layer existing at the interface of the CCO heterostructures indicates the high quality of our CCO heterostructures grown by PLD.
The temperature dependence of the in-plane resistance (q ab ) of CCO film on STO substrate was shown in Fig. 2(a) . The temperature dependence of the in-plane resistance of the CCO film exhibits a broad minimum around 100 K, exhibiting a broad transport crossover from the high-temperature metallic-like regime to the low-temperature insulating-like one. The increase in the electrical resistance at low temperature can be attributed to the decrease of the density of states at Fermi level (E F ) with decreasing temperature below 100 K, and opening an energy gap across E F at a temperature below 50 K. 20 The temperature dependence of the in-plane thermopower (Seebeck S ab ) of the CCO thin films is shown in Fig. 2(b) . The positive S ab over the measured temperature range indicates that the majority of charge carriers have holelike character, which is consistent with the pervious results on the CCO bulks. 15, 21 The values of the q ab and S ab at room temperature are about 7 mXÁcm and 120 lV/K, respectively, comparable to those of Ca 3 Co 4 O 9 single crystal (q ab $ 10-40 mXÁcm and S ab $ 125 lV/K), 15 revealing high quality of our samples.
Hall effect measurements as a function of temperature on the CCO thin film on the STO substrate also were performed, as shown in Fig. 3 . It can been seen from Fig. 3 that the positive value of the Hall coefficient and positive slope of the Hall resistivity between 5-380 K implying the holelike charge carriers of the CCO thin film, consistent with the results from the thermopower measurements. Hall coefficient R H exhibits the strong temperature dependence, as shown in Fig. 3(a) . The Hall coefficient smoothly decreases with decreasing temperature from 380 K down to around 100 K, and then slowly increases from 100 K to 25 K and exhibits a sudden enhancement below 25 K. This unconventional temperature dependence of the Hall coefficient of the CCO film is believed to be related to the unusual behavior of strongly electron correlations of CCO. 22 The broad crossover of the temperature dependence of the Hall coefficient also occurs at around 100 K. . Figure 4 shows the temperature dependence of magnetic susceptibility v and inverse susceptibility v À1 of the CCO film on the STO substrate measured in the field-cooling mode with H ¼ 1 T in the H//c geometries. The magnetization increases monotonically upon cooling down to $20 K, then increases rapidly with further decreasing temperature, indicating a transition to a ferrimagnetic state occurring at T $ 20 K. 23, 24 The ferrimagnetic interaction is parallel to the c axis. Considering the alternating stacking structure of Ca 3 Co 4 O 9 along the c axis, the ferrimagnetism is most likely caused by interlayer coupling between the [Ca 2 CoO 3 ] and [CoO 2 ] subsystems. 23, 24 From the corresponding inverse susceptibility curve (v À1 (T)), the Curie-Weiss law was applied to fit the data, shown as dashed lines in Fig. 4 . As temperature decreases from 300 K down to about 100 K, the inverse susceptibility decreases approximately linearly following the Curie-Weiss law well, then there is a clear change of slope below about 100 K. The existence of an incommensurate spin-density-wave (IC-SDW) state below $100 K was confirmed by positive muon spin rotation and relaxation experiments in the Ca 3 Co 4 O 9 single crystals. 23, 24 Therefore, the change in the slope of the temperature dependence of the inverse susceptibility around $100 K is believed to be related to the transition from a paramagnetic state to IC-SDW state. The broad minimum around 100 K in the temperature dependence of the in-plane resistance of the CCO film suggests that the behavior of conducting electron is strongly affected by the IC-SDW order. The relationship between magnetization M and magnetic field H at 5 K was shown in Fig. 4(b) . The magnetic field was applied parallel to the c-axis of the CCO film. The CCO/STO sample displays a clear hysteresis M-H curve, suggesting that the ferrimagnetic interaction is parallel the c axis. In fact, the Ca 3 Co 4 O 9 single crystal exhibits the anisotropic magnetic properties, and a ferrimagnetic hysteresis loop just could be observed for H parallel to the c-axis of the CCO while not for H parallel to the ab-plane of the CCO single crystal. 25 The junction conductive resistance and the currentvoltage (I-V) characteristics measurements on the CCO/ SNTO junctions were performed by two-probe technique (shown in the inset of Fig. 6(b) ) to avoid the effects of current distribution in the junction. Ohmic contacts were prepared by evaporating circular platinum and silver with the 200-lm-diameter sizes on the CCO and SNTO, respectively. The electrode arrangement is illustrated schematically in the inset of Fig. 6(b) , and the polarity of the applied bias is defined as positive when applied to the CCO. Figure 5(a) shows the typical current-voltage (I-V) characteristics of the CCO/SNTO junctions at temperatures varying from 10 to 380 K. Rectifying features characterized by asymmetric I-V curves are observed. With decreasing temperature, the current decreases in the forward bias side and under the low voltages in the reverse bias side, while the current first increases down to $100 K and then decreases under the high voltages in the reverse bias side. Similar notable phenomenon in the negative bias voltage side has also been observed in the La 0.9 Hf 0.1 MnO 3 /Nb-doped SrTiO 3 heterojunction. 26 This unusual feature occurs at $100 K, close to the metal-insulator transition temperature and the crossover temperature of the unusual measured temperature dependence of the Hall coefficient of the CCO film. Therefore, we believe that this unusual I-V feature is related to the change the concentration of the hole carriers of the CCO side at around 100 K, from the fact that the concentration of the hole carriers smoothly increases with decreasing temperature and then decreases across 100 K. On the other hand, in the conventional p-n junctions, electrons in the valence band on the p side can directly tunnel to the empty states in the n side under an applied reverse bias voltage, which process is called the interband Zener tunneling. 27 While in the transition-metal oxide p-n junctions, the trap assisted tunneling process assisted by the oxygen-vacancy-induced states was proposed to be the dominant transport mechanism. 28 To gain the information on the transport mechanism of the junction, the I-V curves were further analyzed. The semilogarithmic plot of the I-V characteristics under forward bias was shown in Fig. 5(b) . From Fig. 5(b) , one can see that the characteristics of the I-V curves can be classified into two regimes according to a single electrical process or duplicate processes between different temperature ranges. Between 380-100 K, a simple linearity of the LogI-V relation is observed, indicating a single electrical process. While below 100 K, a second electrical process occurs. This critical temperature $100 K is also close to the metal-insulator transition temperature and the crossover temperature of the measured unusual temperature dependence of the Hall coefficient of the CCO film. Between 380 to 100 K, a single linear relation between LogI and V is observed. The slope of the LogI versus V is almost temperature independent and the LogI increases linearly with temperature when the electric bias is fixed, indicating that the charge carrier tunneling occurs predominantly through a potential barrier. In fact, in the temperature range from 380 to 100 K, the CCO shows the metallic-like behavior, and Nb-doped SrTiO 3 (0.7 wt. % doped) is an n-type degenerate semiconductor, therefore, a Schottkey barrier could be formed. Because the carrier concentrations of the CCO films ( the potential barrier by thermal activating charge carriers. In the latter case, the LogI-V slope is expected to vary with 1/ T, the temperature plays an important role in activating charge carriers. If the tunneling occurs predominantly, the forward current can be described by Newman equation: I ¼ I s exp(aT)exp(bV), where I s , a, and b are parameters weakly depending on V. 29 From the Newman equation, temperature-independent slope in the LogI-V characteristics can be predicted and LogI linearly increases with temperature if the applying electric bias is fixed. The results show that the slope of the LogI versus V is almost temperature independent under forward bias in the high temperature range, strongly deviating from the thermionic emission mechanism and qualitatively consistent with tunneling process.
In the temperature range below 100 K, two-process phenomena in the CCO/STO heterojunction are observed. There is a critical voltage (V c ) that divides the LogI-V curves into two linear segments with slight different slope, and this slight difference between two slope decreases with increasing temperature from 10 K and disappears at around 100 K. At low bias regime, the linear relation between LogI and V is also observed, and the slope of the LogI versus V is almost temperature independent, indicating that the low-bias process also follows the tunneling mechanism. At high bias range, the excellent linear relation between LogI and V could be obtained while the slope of LogI-V characteristics decreases as temperature increases from 10 K to 100 K, indicating the combined thermionic emission-diffusion process. 30, 31 Highresolution photoemission spectroscopy demonstrated that the density of states in the CCO at E F gradually decreases with decreasing temperature below 100 K, and that an energy gap eventually opens across E F at a temperature below 50 K. 32 At the temperature range 10-100 K, CCO shows semiconducting behavior, and a (p-type)-CCO-(n-type)SNTO heterojunction should be constructed. For simplicity of analysis and drawing schematic potential profile of the CCO/SNTO junctions, we assume hereafter that most of the depletion layer developed in the n-type Nb:STO layer. This assumption is reasonable because we can take into account the fact that the carrier concentration is generally large and the barrier width is correspondingly thin in the CCO side.
The transport behavior of the CCO/SNTO p-n junction was measured under applied magnetic fields varying between 0 and 5 T and a temperature range of 10-380 K by PPMS. Figure 6 (a) shows the temperature dependence of the junction conductive resistance (R Junct ) measured in the different magnetic fields (H ¼ 0, 1, and 5 T). Notice that the junction conductive resistance almost shows a semiconducting-like behavior in the measuring temperature range, except it shows a small reentrant behavior below 100 K. Similar temperature dependence of semiconducting-like conductive behavior also has been observed in the transverse transport (q c ) measurements of CCO single crystal. 15 The difference of the inplane transport property of the CCO film and the junction transport property of the CCO junction maybe comes from the anisotropic nature of transport properties in CCO single crystal with layered structure. 9 Magnetoresistances (MR) of the CCO/SNTO junction at different temperature are shown in Fig. 6(b) . The MR is defined as
The magnetic field H was applied perpendicular to the interfaces of the heterojunction and parallel to the current. Negative MR Junct is observed below $200 K in the CCO/ SNTO heterojunction. Its magnitude increases as temperature decreases, and exhibits a peak at 40 K, as shown in Fig.  6(b) , close to the short-range to long-range IC-SDW transition temperature ($30 K) in bulk. Therefore, we have reason to believe that this temperature of the minimum MR value is associated with the temperature of the short-range to longrange IC-SDW transition in CCO. The temperature dependences of MR Junct in the field of 1 and 5 T both exhibit a peak at 40 K. At 40 K, the dependence of the junction current on the applied magnetic field varying from 0 to 5 T were measured, as shown in Figure 6 (c). Figure 6(d) shows very clearly that the junction resistance R Junct decreases and the MR Junct ratio increases with increasing magnetic field at this temperature. The negative MR in CCO/SNTO heterojunction is considered to be related to the CCO layer. Considering the alternating stacking structure of Ca 3 Co 4 O 9 along the c axis and interlayer magnetic coupling between the [Ca 2 CoO 3 ] and [CoO 2 ] subsystems, the negative MR maybe originates from the decreases of spin scattering as a consequence of applied magnetic field. The negative MR maybe also comes from the suppression of SDW by magnetic field, since the larger negative MR was observed below 100 K, where the existence of an incommensurate spin-density-wave state with wide transition width (about DT ¼ 70 K). 9, 17 On the other hand, X-ray absorption and photoemission investigations of the Ca 3 Co 4 O 9 showed that the hole-doped Co-O triangular lattice has Co 4þ (low spin, S ¼ 1/2) species in the nonmagnetic Co 3þ (low-spin, S ¼ 0) background, and the layered cobaltite system tends to be separated into hole-rich and hole-poor domains. 27 The hole-rich domain is a good metal, while the hole-poor domain is insulating probably due to carrier localization. The oxygen vacancies existing in the CCO layer grown by PLD induce a partial disproportionation of Co ions. Phase-separation scenario of the inhomogeneous distribution of the mixed-valence Co ion and oxygen vacancies in the CCO layer maybe affects magnetic-field dependent transport properties of the CCO/SNTO junction, inducing negative MR effect at low temperature. Similar phenomena of the phase-separation scenario inducing negative MR effects have been observed in the perovskite manganites, and the largest negative MR is observed in the vicinity of phase transition temperature.
IV. SUMMARY
In summary, thermoelectric cobalt Ca 3 Co 4 O 9 epitaxial heterostructures were fabricated by PLD. The measurements of in-plane resistivity, thermopower, and magnetic properties performed on the CCO thin films were found to be comparable to ab-plane those of the single crystals due to good orientation of the films. The temperature dependence of the resistance of the CCO film exhibits a transport crossover from the high-temperature metallic-like regime to the lowtemperature insulating-like behavior below 100 K. The broad crossover of the temperature dependence of the Hall coefficient also occurs at around 100 K. Correspondingly, the temperature dependent I-V characteristics of the CCO/SNTO heterojunctions show two distinctive transport mechanisms above and below 100 K. The junction exhibits negative magnetoresistance at low temperatures, and the mechanism is discussed.
